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Summary
Insulin resistance in diabetes andmetabolic syndrome is thought to increase susceptibility to atherosclerotic cardiovascular
disease, but the underlying mechanisms are poorly understood. To evaluate the possibility that decreased insulin signaling
in macrophage foam cells might worsen atherosclerosis, Ldlr2/2 mice were transplanted with insulin receptor Insr+/+ or
Insr2/2 bone marrow. Western diet-fed Insr2/2 recipients developed larger, more complex lesions with increased necrotic
cores and increased numbers of apoptotic cells. Insr2/2macrophages showed diminished Akt phosphorylation and an aug-
mented ER stress response, leading to induction of scavenger receptor A and increased apoptosis when challenged with
cholesterol loading or nutrient deprivation. These studies suggest that defective insulin signaling and reduced Akt activity
impair the ability of macrophages to deal with ER stress-induced apoptosis within atherosclerotic plaques.Introduction
Atherosclerosis is a disease of arterial lipid deposition leading to
a number of biological responses, including a chronic, macro-
phage-dominated inflammatory reaction (Hansson, 2005). Fol-
lowing the retention of LDL on the arterial matrix, and its modi-
fication by oxidation or aggregation, macrophages migrate
into the arterial wall, take up the modified LDL, store its lipid
as cholesterol and cholesterol esters and thus give rise to
lipid-laden foam cells (Glass and Witztum, 2001; Hansson,
2005; Williams and Tabas, 1998). Foam cells have a central
role both in the formation of early fatty streak lesions, as well
as in the evolution of more complex atherosclerotic plaques.
Death of foam cells by necrosis or apoptosis, particularly in
the face of defective phagocytic clearance of the dead foam
cells, is thought to give rise to large regions within plaques con-
taining extracellular lipid and necrotic debris (Tabas, 2005). The
fissuring or erosion of these complex plaques leads to throm-
botic occlusion of coronary and cerebral vessels producing
the clinical complications of atherosclerosis (Libby, 2002; Ta-
bas, 2004).
Diabetes is amajor risk factor for atherosclerotic cardiovascu-
lar disease, but the underlying mechanisms are poorly under-
stood. There is only limited evidence that hyperglycemia pro-
motes atherosclerosis in humans (Nathan et al., 2003), and in
many experimental models, hyperglycemia does not induce ath-
erogenesis independent of hyperlipidemia (Brownlee, 2001;
Vikramadithyan et al., 2005). Insulin resistance is thought to
give rise to many of the complications of metabolic syndrome
and Type II diabetes, and in some studies hyperinsulinemia is
an independent risk factor for atherosclerotic macrovascular
disease (Pirro et al., 2002). Insulin resistance in classical insulin
target organs such as liver, muscle, and adipose can lead toCELL METABOLISM 3, 257–266, APRIL 2006 ª2006 ELSEVIER INC. Dhyperinsulinemia, dyslipidemia, hypertension, and hypercoagu-
lability, all factors thatmay predispose to atherosclerotic cardio-
vascular disease (Ginsberg, 2000; Reaven, 2002).
Recent studies have suggested that insulin resistance in cells
of the arterial wall might also promote atherosclerosis. Insulin
signaling in endothelium may be important in maintaining NO-
mediated arterial responses. Diabetics have defective NO-
dependent induction of arterial blood flow (Steinberg and Baron,
2002), and an endothelial-specific KO of the insulin receptor
leads to decreased endothelial eNOS expression (Vicent et al.,
2003). Our recent studies have suggested that defective macro-
phage insulin signaling predisposes to foam cell formation in
atherosclerotic lesions. Macrophages from obese (ob/ob) mice
were found to have reduced expression and signaling of insulin
receptors (Liang et al., 2004), a posttranscriptional increase in
scavenger receptor A (SRA) and CD36, and increased uptake
of modified LDL particles. Similar changes were found in insulin
receptor (Insr)-deficient macrophages (Liang et al., 2004). Thus,
the increased expression of CD36 and SRA in macrophages
with defective insulin signaling might be expected to increase
foam cell formation and atherogenesis (Liang et al., 2004). How-
ever, recent studies have suggested a limited role of SRA and
CD36 in the formation of early atherosclerotic lesions, perhaps
related to redundant mechanisms for foam cell formation
in vivo (Moore et al., 2005).
In order to evaluate the effect of macrophage insulin resis-
tance on atherogenesis, we performed BM transplantation stud-
ies from transgenically rescued Insr2/2 mice into Ldlr2/2 mice.
While animals receiving Insr-deficient BM did not display signif-
icant changes in early fatty streak lesions, they developed larger,
more complex lesions at a later time-point, associated with
a pronounced increase in apoptotic cells and necrotic core for-
mation. Mechanistic studies reveal that Insr2/2 macrophagesOI 10.1016/j.cmet.2006.02.008 257
A R T I C L Ehave exaggerated ER stress-mediated apoptosis, in part related
to a failure to induce Akt activity during ER stress. This predis-
poses them to apoptosis in response to a variety of different
stimuli, including those that likely play a role in late lesional mac-
rophage death, such as free cholesterol loading.
Results
Insulin and scavenger receptor expression
in transplanted mice
In order to evaluate the impact of decreasedmacrophage insulin
signaling on atherogenesis, bonemarrowwas transplanted from
Insr2/2mice into irradiated Ldlr2/2mice all in the C57BL6 back-
ground. Evaluation of the mouse Insr gene in blood cells by real-
Figure 1. Characterization of blood cells and macrophages from Ldlr2/2 mice
transplanted with Insr+/+ (Insr+/+/ Ldlr2/2) or Insr2/2 (Insr2/2/ Ldlr2/2) bone
marrow
A) The amount of mouse Insr alleles in blood cells from recipient Ldlr2/2mice (n =
2-3 for each genotype) at 4 or 13 weeks after bonemarrow transplantation was de-
termined by real-time quantitative PCR.
B) Protein expression of IR (insulin receptor b-subunit), SRA, CD36 in peritoneal
macrophages from recipient mice (n = 3 for each genotype) after 12 weeks on
theWestern-type diet. Pooledmacrophages were collected and cytosolic extracts
were prepared. Western analysis was performed using antibodies against the pro-
teins as indicated.
All data are representative of at least two independent experiments.258time quantitative PCR revealed an 80% reduction in Insr+/+ al-
leles 4 weeks after transplantation, and a 90% reduction after
13 weeks, indicating substantial repopulation of bone marrow-
derived cells by donor tissue (Figure 1A). To induce atherogen-
esis, animals were placed on the Western diet 5 weeks after
transplantation and kept on this diet for an additional 8 or
12 weeks. Western analysis of peritoneal macrophages after
12 weeks on the diet revealed >99% reduction in Insr protein
levels (Figure 1B). There was a marked (>5-fold) increase in
macrophage SRA protein levels and a moderate (1.9-fold) in-
crease in CD36 protein levels (Figure 1B). These findings are
consistent with earlier studies in which we showed a posttran-
scriptional increase in SRA and CD36 and increased uptake of
acetylated or oxidized LDL in macrophages from transgenically
rescued Insr2/2 mice (Liang et al., 2004).
Insr2/2 bone marrow recipients develop larger,
more complex lesions
In order to evaluate effects on atherogenesis, Ldlr2/2mice were
placed on a high-fat, high-cholesterol (21% milk fat and 0.15%
cholesterol) diet 5 weeks after the bone marrow transplantation,
then maintained on this diet for either 8 or 12 weeks. Although
feeding the Western diet led to mild hyperlipidemia and in-
creased glucose and insulin levels, there was no difference in
body weight, insulin, glucose, or plasma lipoprotein levels in
animals receiving Insr+/+ versus Insr2/2 BM (Table 1). After 8
weeks on the Western diet, the animals developed typical fatty
streak lesions, characterized by macrophage foam cell infiltra-
tion. However, there was no difference in lesion area (Figure 2A)
or morphology (data not shown) between animals receiving
Insr+/+ versus Insr2/2 macrophages. As assessed by Tunel and
Caspase-3 staining, these early lesions contained only small
numbers of apoptotic cells, and there was no difference be-
tween the groups (data not shown).
After 12 weeks on the Western diet, the Insr2/2 BM recipients
displayed lesions that were larger and strikingly more complex
with increased regions of necrotic core, compared to Insr+/+
BM recipients (arrows in Figure 2B). Quantification of lesion
area revealedmoderate increases in both sexes (Figure 2C). Ne-
crotic core area was substantially increased, especially in males
(Figure 2D). Necrotic cores in atherosclerotic lesions arise from
macrophages that have undergone either necrotic or apoptotic
Table 1. Metabolic characteristics of Ldlr2/2 mice transplanted with Insr+/+
or Insr2/2 bone marrows after 12 week feeding with the Western-type diet
Donor
0 Week
Western Diet
12 Week
Western Diet
Insr+/+ (N = 31) Body weight, g 23.7 6 0.4 25.4 6 0.8
Glucose, mg/dl 137.2 6 8.1 203.6 6 13.3
Insulin, pg/ml 926.5 6 70.6 1496.9 6 104.7
Total Cholesterol, mg/dl 220.3 6 9.7 722.7 6 24.1
HDL-C, mg/dl 72.4 6 3.7 80.9 6 5.0
Triglycerides, mg/dl 80.5 6 5.2 269.4 6 16.4
Insr2/2 (N = 33) Body weight, g 23.3 6 0.3 26.7 6 0.9
Glucose, mg/dl 133.4 6 7.8 193.9 6 10.3
Insulin, pg/ml 920.3 6 70.3 1581.1 6 90.9
Total Cholesterol, mg/dl 208.5 6 10.5 772.8 6 20.6
HDL-C, mg/dl 72.2 6 2.8 92.6 6 5.8
Triglycerides, mg/dl 74.7 6 5.2 328.1 6 269.4
No significant difference in body weight and plasma parameters was found
between two groups of mice fed for 12 weeks (wk).CELL METABOLISM : APRIL 2006
Deficiency of insulin receptors in atherosclerosisFigure 2. Atherosclerotic lesion and lipid-rich ne-
crotic core size in proximal aortas from Insr2/2 ver-
sus Insr+/+ recipient Ldlr2/2 mice
A) Atherosclerotic lesion size in proximal aortas from
Insr2/2 (n = 14) versus Insr+/+ (n = 11) recipient
Ldlr2/2 mice fed the Western diet for 8 weeks.
B) Hematoxvlin and eosin (H&E)-stained proximal
aortas from Ldlr2/2 mice transplanted with Insr+/+
(Insr+/+ / Ldlr2/2, n = 31) or Insr2/2 (Insr2/2 /
Ldlr2/2, n = 33) bone marrow after feeding the West-
ern diet for 12 weeks. Arrow indicates necrotic core.
C) Quantitative analysis of H&E-stained atheroscle-
rotic lesion area from mice in (B). Results are ex-
pressed as a scatter plot. Insr+/+ and Insr2/2 indicate
the bone marrow genotype in Ldlr2/2 recipient mice.
D)Quantification of necrotic core size relative to total
lesion area in proximal aortas from mice in (B). Re-
sults are expressed as a scatter plot. Insr+/+ and
Insr2/2 indicate the bone marrow genotype in Ldlr2/2
recipient mice.cell death (Ball et al., 1995). Caspase-3 and Tunel assays re-
vealed about 2-fold increase in the number of apoptotic cells
(Figure 3A and 3B). Tunel-positive regions also stained positively
for Mac-3, suggesting the presence of apoptotic macrophages
(data not shown). Quantification of lesion cellularity showed that
macrophages were the predominant cell type, with approxi-
mately 50% of lesion area staining positive for Mac-3 in both
groups of mice (data not shown). Smooth muscle cells (a-actin
positive) represented approximately 12% of lesion area in
both Insr+/+ and Insr2/2 BM recipients (data not shown). These
data suggest that macrophage foam cell accumulation and ini-
tial lesion formation is similar in Insr+/+ and Insr2/2BM recipients
but that as lesions progress, Insr2/2 macrophages show in-CELL METABOLISM : APRIL 2006creased apoptosis, giving rise to more complex lesions with in-
creased necrotic core regions.
Insr2/2macrophages are more susceptible to apoptosis
In view of the in vivo findings, we next determined whether
Insr2/2 macrophages were more susceptible to apoptosis in
cell culture. Two different pathways relevant to macrophage
apoptosis in atherosclerosis have been described, one involving
the uptake of oxidized cholesterol in LDL (LDLox) and another
initiated by loading with lipoprotein free cholesterol (FC).
Insr2/2 macrophages showed increased susceptibility to apo-
ptosis induced by loading with oxidized LDL (Figure 4A). To in-
duce free cholesterol loading, macrophages were incubated259
A R T I C L EFigure 3. Increased apoptotic cell death in lesions of
Insr2/2 transplanted mice
A) Lesional apoptotic cells from Insr+/+ / Ldlr2/2
(n = 18) and Insr2/2/ Ldlr2/2 (n = 23) after 12 weeks
of Western diet were detected by TUNEL staining.
Representative fluorescent images (203 magnifica-
tion) and quantitative data are shown. Red, Tunel-
positive cell; blue, Hoechst. The data are expressed
as the number of Tunel-positive cells per mm2 cellu-
lar lesion area.
B) Lesional apoptotic cells from Insr+/+ / Ldlr2/2
(n = 24) and Insr2/2/ Ldlr2/2 (n = 27) after 12 weeks
of Western diet were detected by caspase-3 stain-
ing. Representative images are shown (203magnifi-
cation). Brown staining indicates caspase-3-positive
cells, and blue staining indicates hematoxylin. The
data are expressed as the number of caspase-posi-
tive cells per mm2 cellular lesion area.with acLDL in the presence of an ACAT inhibitor, 58035. Insr2/2
macrophages showed an approximate 2-fold increase in sus-
ceptibility to FC-induced apoptosis (Figure 4A).
Recently, Devries-Seimon et al. (2005) have shown that FC-
induced apoptosis in macrophages requires a ‘‘multihit’’ mech-
anism involving both FC loading and ligation of SRA. While FC
loading produces a UPR response, another hit involving ligation
of SRA is required to produce apoptosis. Insr2/2 macrophages
show a marked increase in SRA protein levels (Figure 1B). While
this is known to increase uptake of modified lipoproteins (Liang
et al., 2004), we wished to determine if it also increased suscep-
tibility to apoptosis independent of lipoprotein uptake. Thus,260macrophageswere loadedwith FC by incubation with cyclodex-
trin-cholesterol (delivering cholesterol independently of the
SRA) and/or treated with fucoidan (an SRA ligand) or the two
treatments together (Devries-Seimon et al., 2005). In wild-type
macrophages, both treatments were required to produce in-
creased apoptosis, as reported, which was completely depen-
dent on SRA (Devries-Seimon et al., 2005). In Insr2/2 macro-
phages, the pattern of response was similar, but the
magnitude of the response to SRA ligand was dramatically in-
creased in FC-loaded cells (Figure 4B). Thus, the increase in
SRA in Insr2/2 macrophages predisposes to apoptosis both
by increased uptake of modified lipoproteins and by providingCELL METABOLISM : APRIL 2006
Deficiency of insulin receptors in atherosclerosisFigure 4. Increased susceptibility of Insr-deficient macrophages to apoptosis in-
duced by cholesterol overload or glucose deprivation
A) Percentage of macrophages stained positive for annexin V. Pooled thioglycol-
late-elicited peritoneal macrophages from either Insr2/2 or littermate (Insr+/+) mice
fed regular chow diet were incubated with or without AcLDL (100 mg/ml) and com-
pound 58035 (10 mg/ml) or oxLDL (100 mg/ml) at 37ºC for about 24 hr. Apoptosis of
macrophages was determined by annexin V staining. All results represent average
6 S.E. (n = 4). The relative lack of apoptosis with acLDL+ 58035 in Insr+/+ macro-
phages is typically seen in thioglycollate-elicited macrophages.
B) Quantitative determination of apoptotic macrophages stained positive for an-
nexin V. Concanavalin A-elicited peritoneal macrophages from either Insr2/2 or lit-
termates (Insr+/+) mice fed regular chow diet were incubated with or without fu-
coidan (an SRA ligand; 25 mg/ml), cyclodextrin (CD)-cholesterol and compound
58035 (10 mg/ml), or fucoidan, CD-cholesterol, and 58035 combined at 37ºC for
48 hr. Apoptosis of macrophages was determined by annexin V staining. All results
represent mean6 SE (n = 4). While CD-cholesterol + fucoidan + 58035 often gives
a more robust apoptotic response in wild-type macrophages than shown in this
particular experiment, the marked increase seen with Insr deficiency was always
observed.
C) Quantification of macrophage apoptosis induced by glucose deprivation.
Pooled thioglycollate-elicited peritoneal macrophages from either Insr2/2 or con-
trol (Insr+/+) mice fed regular chow diet were incubated with or without 5 mM 2-De-
oxy-glucose at 37ºC for about 24 hr. Apoptosis of macrophages was determined
by annexin V staining. All results represent average 6 SE (n = 3).
D) Quantification of macrophage apoptosis induced by UV radiation. Pooled thio-
glycollate-elicited peritoneal macrophages from either Insr2/2 or control (Insr+/+)
mice fed regular chow diet were incubated at 37ºC for about 2 hr followed by 0,
7, and 20 min UV radiation. Apoptotic cells were stained with annexinV. All results
represent average 6 SE (n = 3).CELL METABOLISM : APRIL 2006another ‘‘hit’’ related to SRA ligation. Because loading with FC
and oxidized LDL induce apoptosis by different mechanisms
(Panini and Sinensky, 2001; Tabas, 2004), these findings sug-
gested that there might be an increased susceptibility to differ-
ent apoptotic stimuli in Insr2/2 macrophages. Indeed, Insr2/2
macrophages were more susceptible to apoptosis induced by
glucose deprivation (Figure 4C). Like FC loading, glucose depri-
vation induces apoptosis via activation of ER stress (Park et al.,
2004). Thus, we also tested the response to UV irradiation,
which causes DNAdamage and induces apoptosis independent
of ER stress (Liang et al., 2006). There was no significant differ-
ence in apoptotic response to UV irradiation comparing Insr+/+
and Insr2/2 macrophages (Figure 4D). These findings suggest
that Insr2/2 macrophages may be particularly susceptible to
apoptosis involving ER stress pathways.
Apoptotic pathways are not activated in Insr2/2
macrophages in the basal state
Insulin signaling via the insulin receptor PI3 kinase and Akt has
a number of different antiapoptotic effects (Amaravadi and
Thompson, 2005; Osaki et al., 2004). When incubated in media
containing 10% serum, Akt phosphorylation levels were similar
in Insr+/+ and Insr2/2 macrophages (data not shown), probably
reflecting a variety of inputs from growth factor and other recep-
tors into Akt (Chakravarthy et al., 2000; Maeda et al., 2004). Fur-
thermore, phosphorylation of the Akt substrate Gsk-3 was sim-
ilar in freshly isolated Insr+/+ or Insr2/2 macrophages (data not
shown). Evaluation of the levels of a variety of molecules in-
volved in apoptosis including antiapoptotic proteins Mcl-1,
Bfl-1, Bcl-2, and Bcl-xL and proapoptotic factor Bax, and the
expression of transcriptional repressor Bcl-6 that promotes
macrophage cell death through transcriptional mechanisms,
did not show significant differences between freshly isolated
Insr+/+ and Insr2/2 macrophages (data not shown). Thus, the
increased susceptibility to apoptosis of Insr2/2 macrophages
does not appear to be related to constitutive activation of apo-
ptotic pathways.
Impaired Akt phosphorylation and increased
ER stress in Insr2/2 macrophages
The unfolded protein response (UPR) is an adaptive mechanism
that helps cells to withstand ER stresses such as those pro-
duced by increased protein synthesis or glucose deprivation
(Kadowaki et al., 2004; Park et al., 2004). While this adaptive re-
sponsemay facilitate recovery from stress, it can also lead to in-
duction of apoptosis if stressful stimuli continue or if there are
additional insults (Kadowaki et al., 2004; Kaneto et al., 2005).
ER stress results in activation of phospho-PERK, which phos-
phorylates eIF2a inhibiting translation of many proteins and in-
ducing GADD34 which in turn causes a homeostatic dephos-
phorylation of eIF2a (Oyadomari and Mori, 2004). FC loading
induces the UPR and eventually leads to apoptosis as a result
of induction of CHOP (Devries-Seimon et al., 2005; Feng et al.,
2003). Akt activity is increased in response to ER stress pro-
duced by thapsigargin or tunicamycin treatments, leading to in-
hibition of ER stress-induced apoptosis (Hu et al., 2004). FC
loading was also found to induce Akt phosphorylation in Insr+/+
cells (Figure 5A). Interestingly, this Akt response was diminished
and short-lived and was followed by more robust induction of
CHOP in Insr2/2 macrophages (Figure 5A). Total Akt levels
were similar in cells of both genotype and did not vary during261
A R T I C L EFigure 5. Impaired Akt phosphorylation and en-
hanced ER stress responses in Insr2/2macrophages
during FC loading or serum deprivation
A) Decreased Akt phosphorylation and increased
UPR in FC-loaded Insr2/2macrophages (CD choles-
terol + 58035, media with serum). Concanavalin A-
elicited macrophages from either Insr2/2 or Insr+/+
mice fed regular chow diet were treated with cyclo-
dextrin (CD)-cholesterol and 58035 (10 mg/ml) for in-
dicated time (hr) point in the figure. Cells were har-
vested and total protein extracts were prepared.
Western analysis was performed with antibodies
against the proteins as indicated.
B) AKT phosphorylation is reduced in Insr2/2macro-
phages. Fresh peritoneal macrophages from either
Insr2/2 or Insr+/+ mice fed regular chow diet were
treated at 37ºC in DMEM with or without insulin
(100 nM) for indicated time described in the figure.
Cells were harvested and protein extracts were pre-
pared. Western analysis was performed with anti-
bodies against total Akt and P-S473Akt.
C) Increased expression of an UPRmarker, P-PERK,
in Insr2/2 macrophages. Fresh peritoneal macro-
phages from either Insr2/2 or Insr+/+mice fed regular
chow diet were cultured at 37ºC in DMEM with 10%
FBS for 2 hr. Cells were harvested and protein ex-
tracts were prepared. Western analysis was per-
formed with antibodies against the proteins as indi-
cated.
D) Prolonged insulin treatment caused increased P-
PERK expression in Insr+/+ macrophages. Protein
expression of P-PERK in peritoneal macrophages
from Insr+/+ mice fed regular chow diet was treated
at 37ºC in DMEM with insulin (100 nM) for indicated
time described in the figure. Insr2/2 macrophages
were cultures at 37ºC in DMEM for 24h without insu-
lin. Pooled macrophages were collected and protein
extracts were prepared. Western analysis was per-
formed using antibodies against the proteins as indi-
cated.the experiment. The levels of FC loading were found to be
identical in Insr+/+ and Insr2/2 cells in response to treatment
with CD-cholesterol, ruling out increased FC loading as possible
explanation for the increased ER stress response in Insr2/2
macrophages (data not shown). Insr2/2 macrophages also
showed increased levels of GADD34 at all time-points (Fig-
ure 5A) suggesting activation of the UPR even prior to FC load-
ing. However, the additional stress of FC loading and a blunted
Akt response are associated with enhanced CHOP induction
and apoptosis in Insr2/2 macrophages.
Akt phosphorylation was also markedly reduced in Insr2/2
macrophages in response to serum starvation (Figure 5B), and
this occurred in association with an enhanced UPR, as shown
by induction of phospho-PERK (Figure 5C) and GADD34 (data
not shown). Downregulation of insulin receptors by chronic
(24 hr) high-dose insulin treatment, a commonly employed ap-
proach to mimic in vivo insulin resistance, also led to reduced
Akt phosphorylation and an increased UPR response to serum
starvation, albeit not to the same level as seen in Insr2/2 cells
(Figure 5B and 5D). Short-term (10 min) high-dose insulin treat-
ment led to an increase in Akt phosphorylation, probably re-
flecting signaling through IGF receptors, and did not lead to262phospho-PERK induction (Figures 5B and 5D). These results
suggest that IR deficiency leads to an impaired ability of macro-
phages to induce Akt activity and to withstand stressful stimuli
such as FC loading or serum starvation.
While it is evident that reduced insulin signaling could account
for decreased Akt phosphorylation and activity in Insr2/2macro-
phages, it is not completely clear why Akt phosphorylation
should be reduced even under basal conditions. TRB3 has
been identified as an Akt associated factor that inhibits phos-
phorylation of Akt (Du et al., 2003). We found that TRB3 mRNA
was induced more than 3.6-fold in Insr2/2 macrophages cul-
tured in DMEM with 10% FBS (data not shown), although
TRB3 is induced as a result of ER stress through CHOP-medi-
ated transcription (Ohoka et al., 2005). TRB3 was increased in
Insr2/2macrophages in the absence of CHOP induction. Higher
levels of TRB3 could thus be a factor explaining the lower levels
of Akt phosphorylation in Insr2/2 macrophages.
Macrophage ER stress causes a posttranscriptional
induction of SRA
Insr2/2 macrophages show a posttranscriptional induction of
CD36 and SRA (Liang et al., 2004). While the induction ofCELL METABOLISM : APRIL 2006
Deficiency of insulin receptors in atherosclerosisFigure 6. Macrophage ER stress response causes
a posttranscriptional increase in SRA
A) Fresh peritoneal macrophages were treated at
37ºC in DMEM/10% FBS with LY294002 (10 mM),
PD98059 (4 mM), rapamycin (5 mM), thapsigargin (5
mM, Sigma), or corresponding vehicle controls for
24 hr, or in glucose-free DMEM/10% FBS with indi-
cated concentrations of glucose or mannitol for
24 hr. After treatments, cell lysates were prepared
for Western analysis using antibodies against SRA
and b-actin.
B) Fresh peritoneal macrophages were treated at
37ºC in DMEM/10% FBS with AcLDL (100 mg/ml)
+58035 (10 mg/ml), oxLDL (100 mg/ml), or thapsi-
gargin (5 mM) for 24h. After treatment, cells were
harvested and total RNA or cell lysates were pre-
pared for Western analysis and QPCR analysis.
Western analysis was performed with antibodies
against SRA and b-actin. The expression of SRA
and ABCA1transcripts in untreated, AcLDL+58035,
or thapsigargin-treated macrophages were quanti-
fied as relative mRNA expression after normalized
by the expression of b-actin. Data represent aver-
age 6 SE (n = 3).CD36 could be effected by inhibition of PI3 kinase in wild-type
macrophages (Liang et al., 2004), this was not the case for
SRA (Figure 5A). Neither inhibition of other pathways down-
stream of PI3K such as mTOR nor high-glucose treatment in-
duced SRA. Since Insr2/2 macrophages show an increased
ER stress response (Figure 5), we next considered the possibility
that ER stress itself might lead to induction of SRA. Treatment of
WT macrophages with ER stress inducers, AcLDL+58035, or
thapsigargin resulted in markedly increased SRA protein with
no change in SRA mRNA; as a positive control, ABCA1 mRNA
was induced by FC loading (Figure 6B). Treatment with AcLDL
alone had no effect on SRA levels (data not shown), indicating
that the increase in SRA was a specific response to the UPR.
Thus, in Insr2/2 macrophages diminished Akt activity is associ-
ated with a heightened ER stress response and increased SRA
expression, leading to increased apoptosis in response to SRA
ligation.
Discussion
Here, we provide evidence that independent of changes in
plasma lipids, insulin, or glucose levels, defective insulin signal-
ing in bone marrow derived arterial wall cells predisposes to the
formation of larger, more complex atherosclerotic plaques with
increased numbers of apoptotic cells, likely representing mac-
rophages. Insr-deficient macrophages showed evidence of ER
stress and enhanced susceptibility to stress-induced apoptosis
but not to UV-induced apoptosis. Impaired induction of Akt in
response to ER stress appears to predispose Insr-deficientCELL METABOLISM : APRIL 2006macrophages to a heightened stress response and apoptosis.
ER stress causes a posttranscriptional induction of SRA, and
the combination of increased ER stress and SRA ligation mark-
edly induces apoptosis in Insr2/2 macrophages (Figure 4B).
The relationship of macrophage apoptosis to atherosclerosis
is complex. BM transplantation from mice deficient in AIM/
SPalpha has shown that increasedmacrophage apoptosis is as-
sociated with decreased early lesion development (Joseph
et al., 2004; Valledor et al., 2004), while BAX-deficient BM trans-
plantation led to decreased apoptosis and increased early le-
sion development (Liu et al., 2005). Perhaps in early fatty streak
lesions there is efficient clearance of apoptotic cells by healthy
macrophages, explaining these somewhat counter-intuitive re-
sults (Tabas, 2005). Our study suggests that increased macro-
phage apoptosis may be associated with formation of lesions
of increased complexity with larger necrotic cores. It is not clear
why there was no difference in early lesion formation in our
study, but perhaps there are additional defects in Insr-deficient
macrophages that impair their phagocytic capacity. Our find-
ings are highly consistent with recent autopsy data from human
Type II diabetics who showed increased regions of necrotic core
and increased macrophage apoptosis in their atherosclerotic
lesions, probably predisposing to plaque rupture and sudden
death (Burke et al., 2004).
A number of different factors have been implicated in apopto-
sis of macrophages in atherosclerotic lesions, including FC
loading, growth factor withdrawal, and ATP depletion. These
three factors are all known to induce ER stress and the ER stress
response leads to induction of Akt activity (Hu et al., 2004). Akt263
A R T I C L Ehas numerous antiapoptotic effects, including direct phosphor-
ylation and inactivation of apoptotic molecules, induction of
antiapoptotic molecules as well as a variety of indirect mecha-
nisms involving effects on cellular metabolism (Amaravadi and
Thompson, 2005;Madrid et al., 2001). In addition, oxysterols as-
sociated with LDLox cause a decrease in Akt phosphorylation
predisposing to macrophage apoptosis via the mitochondrial
pathway (Panini and Sinensky, 2001; Salvayre et al., 2002). Fi-
nally, cross-talk between Akt and p65/NFkBmay tip the balance
of TNF responses in lesions toward an antiapoptotic outcome in
macrophages (Kamata et al., 2005; Madrid et al., 2001).
Thus, our finding of impaired induction of Akt phosphorylation
in Insr-deficient cells in response to ER stress likely represents
a general mechanism to explain enhanced apoptotic suscepti-
bility of macrophages with defective insulin signaling in athero-
sclerosis.
In addition to increased susceptibility to apoptotic stimuli,
Insr2/2macrophages showed a heightened ER stress response.
In part this could be related to the short-lived induction of Akt
phosphorylation during the ER stress response (Figure 4A), per-
haps related to a higher basal level of TRB3 which inhibits Akt
phosphorylation (Du et al., 2003). Important targets of Akt are
the FoxO transcription factors. Phosphorylation of FoxOs by
Akt leads to nuclear exclusion and loss of transcriptional activity
(Greer and Brunet, 2005). FoxO1 activity has been shown to lead
to CHOP induction in pre-adipocytes (Nakae et al., 2003). Pre-
liminary studies suggest decreased FoxO phosphorylation,
and thus increased FoxO activity in Insr2/2macrophages during
FC-induced ER stress (data not shown). Interestingly, an en-
hanced UPR has been shown to occur in the liver in association
with cellular insulin resistance in ob/ob or Western diet-fed mice
(Ozcan et al., 2004). The UPR can cause insulin resistance as
a result of JNK-mediated serine phosphorylation of IRS-1 (Oz-
can et al., 2004). Our findings suggest the converse can also
be true, that decreased insulin signaling via Insr can result in in-
duction of the UPR. This raises the possibility that in insulin-
resistant stressed cells a vicious cycle could be established
whereby decreased insulin signaling induces the UPR, which
in turn further decreases insulin signaling.
We previously observed a posttranscriptional increase in SRA
and CD36 in Insr2/2macrophages (Liang et al., 2004). While the
induction of CD36 was related to decreased PI3 kinase activity,
this was not the case for SRA. Unexpectedly, the induction of
SRA was found to be a general response to the UPR, as it was
induced by thapsigargin, tunicamycin and FC loading. Thus,
the heightened ER stress response leads to an increase in
SRA in Insr2/2 macrophages. This increase in SRA is likely to
be a major factor in the increased susceptibility of Insr2/2mac-
rophages to apoptosis induced bymodified lipoproteins, since it
will lead both to an increase in the uptake of FC or oxysterols as-
sociated with these particles, and will provide a stronger ‘‘sec-
ond hit’’ in response to SRA ligation. This suggests a newmodel
for increased macrophage apoptosis in diabetes and metabolic
syndrome that is initiated by decreased insulin signaling and is
amplified by hyperlipidemia. In this model decreased insulin sig-
naling causes an exaggerated UPR in stressed cells, leading to
a posttranscriptional upregulation of the SRA. This leads to in-
creased uptake of modified lipoproteins, further cholesterol
loading, and tips the balance of theUPR towardCHOP induction
and apoptosis. The diminished Akt activity in IR-deficient cells
could also combine with that produced by oxysterols (Panini264and Sinensky, 2001) resulting in an enhanced apoptotic re-
sponse to oxidized LDL.
Experimental procedures
Animals
Transgenically rescued Insr2/2 mice, Insr2/2:TTR-hInsr mice of mixed
C57BL/6J, FVB, and 129/Sv genetic backgrounds, called line L1 (Accili
and Arden, 2004; Okamoto et al., 2004), were backcrossed into C57BL/6J
mice. In order to estimate the extent of C57BL/6J genetic background, 90mi-
crosatellite markers (synthesized by Invitrogen) were used for genotyping the
mice in N6 generation by PCR. A range of 92%–98% of C57BL/6J back-
ground was confirmed. After one more backcross using the male donor hav-
ing the highest genetic background (98%) of C57BL/6J, the N7 generation
descendents were obtained and used for the experiments performed in the
current study. The presence or absence of the wild-type mouse Insr allele
and human Insr transgene (TTR-hInsr) was checked by PCR amplification
of total genomic DNA extracted from tail biopsies (Okamoto et al., 2004).
Ldlr2/2mice on a C57BL/6J background were purchased from The Jackson
Laboratory (stock number 002207). All animal procedures used in this study
followed Columbia University’s institutional guidelines.
Bone marrow transplantation
Recipient Ldlr2/2 mice were given acidified water (pH 4.5) containing 100
mg/liter neomycin (Sigma) and 10 mg/liter polymyxin B sulfate (Sigma) 1
week before and 2 weeks after BM transplantation. Eight-week-old male or
female Ldlr2/2mice were lethally irradiated with 1000 rads (10 Gy) from a ce-
sium g source 4 hr before transplantation. Bone marrow was collected from
femurs and tibias of donor Insr+/+ or Insr2/2mice by flushing with sterile me-
dium (RPMI 1640, 2%FBS, 5U/ml heparin, 50 U/ml penicillin, 50 mg/ml strep-
tomycin). Each recipient mousewas injected with about 4–53 106 bonemar-
row cells through the tail vein. Four weeks after BM transplantation,
peripheral blood was collected from the tail vein for real-time quantitative
PCR to check donor bone marrow reconstitution. For the atherosclerosis
study, the mice were fed the Western type diet (TD88137; Harlan Teklad)
for either 8 weeks or 12 weeks beginning 5 weeks after BM transplantation.
Plasma cholesterol, triglyceride, glucose, and insulinmeasurements
Mice were fasted for 5–6 hr before blood samples were collected by retro-or-
bital venous plexus puncture. Plasma was separated by centrifugation and
stored at 270ºC. HDL-C was isolated by chemical precipitation (Wako) ac-
cording to manufacturer’s protocol. The total plasma cholesterol, HDL-C
and triglyceride were enzymatically measured using Wako enzymatic kits
as previously described (Welch et al., 2001). Glucose and insulin were mea-
sured with Trinder (Sigma) and ELISA kit (Crystal Chem Inc), respectively.
Atherosclerotic lesion analysis
After either 8 weeks or 12weeks on theWestern diet, mice were anesthetized
using Forane (Baxter) and killed by cervical dislocation. Mouse hearts were
first perfused using 10 ml of PBS (Invitrogen), and the aortic roots were dis-
sected and fixed in 10% formalin (Fisher). The proximal aortas were serially
paraffin-sectioned and stained with hematoxvlin and eosin (Sigma) for quan-
tification of the lesion areas using image analysis software ImagePro 3.0 Plus
(Media Cybernetics). Aortic lesion size of each animal was obtained by aver-
aging lesion areas in five sections from the samemouse. Necrotic core region
was determined as acellular area of the lesions. Area was determined as the
acellular area, lacking nuclei and cytoplasm, from H&E-stained sections. Ne-
crotic core area was differentiated from regions of dense fibrous scars by the
presence of macrophage debris.
In situ TUNEL assays
Apoptotic cells in atherosclerotic lesions were detected by the TUNEL (TdT-
mediated dUTP nick end labeling) technique using the in situ cell death de-
tection kit, TMR red (Roche). Sections of proximal aorta were deparaffinized,
washed with buffer (PBS containing 0.2% Tween-20), incubated in 0.3%
H2O2 for 10 min, and rinsed. For the TdT reaction, the sections were incu-
bated in TdT reaction mixture containing TMR red dUTP for 2 hr at 37ºC in
a humidified chamber. After washing, genomic DNA was stained with
Hoechst dye for 1min at room temperature and then the slidesweremounted
with coverslips. TUNEL staining was analyzed under an Axiovert 200CELL METABOLISM : APRIL 2006
Deficiency of insulin receptors in atherosclerosisfluorescence microscope (Zeiss). Fluorescent images were captured with
a CCD camera and analyzed using image analysis software Photoshop
(Adobe).
Immunohistochemistry
After deparaffinization, the sections on slides from proximal aortas were an-
tigen retrieved using 1 mM EDTA, treated in 3% of H2O2 for 10 min to inac-
tivate endogenous peroxidase, washed in PBS, and blocked with 10% nor-
mal goat serum (Vector Laboratories) for 1 hr at room temperature. Sections
were stained with anti-rabbit caspase-3 (Cell Signaling) and biotinylated anti-
rabbit antibody, incubated with horseradish peroxidase-avidin conjugate for
30 min using ABC kit (Vector Laboratories), developed with substrate diami-
nobenzidine, and then counterstained with hematoxylin. The immunostained
sections were examined under a microscope.
Macrophage apoptosis assays
Peritoneal macrophages from transgenically rescued Insr2/2mice and wild-
type control mice (n = 4 for each genotype) fed regular chow diet were har-
vested with PBS 3 days after intraperitoneal injection of concanavalin A
(Sigma). The pooled macrophages from each strain were maintained in cul-
ture medium (DMEM supplemented with 10% FBS and 20% L-cell condi-
tionedmedium) until the cells were confluent (Feng et al., 2003). For free cho-
lesterol loading, macrophages were then incubated with culture medium
alone, medium containing SRA ligand fucoidan (25 mg/ml) (Sigma), medium
containing 5 mM methyl-b-cyclodextrin (CD) (Sigma): cholesterol (5:1 mass
ratio), and compound 58035 (10mg/ml), an ACAT inhibitor (Yao and Tabas,
2001), or all reagents combined for the indicated times in figure legends. Ap-
optosis assays were performed by staining macrophages with Alexa 488-
labeled annexin V and propidium iodide (PI), using Vybrant Apoptosis Assay
kit (Molecular Probes). Cells were visualized using a fluorescent microscope
(Olympus, 203 magnification) equipped with CCD camera (RS Photomet-
rics). At least three separate fields for each treatment condition were ran-
domly selected and counted for cells positively stained for annexin V conju-
gate. Total cells within the field were also counted to give the percentage of
cells undergoing apoptosis. For modified LDL loading, thioglycollate-elicited
peritoneal macrophagesmaintained in DMEMwith 10%FBSwere incubated
with AcLDL (100 mg/ml; Biomedical Technologies Inc.) and 58035 (10 mg/ml)
or with oxLDL (100 mg/ml; Biomedical Technologies Inc.) for about 24 hr. Ap-
optosis assays were then performed as described above. For the macro-
phages apoptosis-induced by glucose deprivation, thioglycollate-elicited
peritoneal macrophagesmaintained in DMEMwith 10%FBSwere incubated
with 5mM 2-Deoxy-glucose (Sigma-Aldrich) for about 24 hr followed by the
apoptosis assay described above. For the macrophages apoptosis-induced
by UV radiation thioglycollate-elicited peritoneal macrophages maintained in
DMEM with 10% FBS were incubated for 2 hr after the cells were UV irradi-
ated for 0, 7, and 20 min under the UV lamp (Upland).
Ex vivo treatments of macrophages
Fresh peritoneal macrophages were treated at 37ºC in DMEM/10% FBSwith
insulin (1 nM, Sigma), LY294002 (10 mM, Biomol), PD98059 (4 mM, Calbio-
chem), rapamycin (5 mM, Calbiochem), thapsigargin (5 mM, Sigma), or corre-
sponding vehicle controls for 1 day, unless otherwise specified, or in glu-
cose-free DMEM/10% FBS with indicated concentrations of glucose or
mannitol (Sigma) for 1 day. After treatments, total RNA or cell lysates were
prepared for further analysis.
Western analysis
To examine expression of IR, SRA, and CD36 protein, cell extracts of pooled
peritoneal macrophages were prepared andwestern analysis was performed
as described in Liang et al., 2004. For other proteins reported in this study,
Western analysis was carried out using following primary antibodies: anti-
AKT (Cell Signaling), anti-P-AKT (Cell Signaling), anti-GADD 34 (Santa Cruz
Biotechnology), anti-CHOP (Santa Cruz Biotechnology), anti-PERK (Cell Sig-
naling) and anti-b-actin antibody (Sigma). For P-Akt, CHOP and GADD34 ex-
pression, treated and control peritoneal macrophages described above were
lysed (CHAPS buffer, Pierce). Protein samples were separated by SDS-
PAGE and transferred onto nitrocellulose membranes (Bio-Rad). Blots
were probed separately with anti-P-AKT, CHOP, GADD34 or b-actin anti-
body. Following incubation with horseradish peroxidase-conjugated sec-CELL METABOLISM : APRIL 2006ondary antibodies, proteins were visualized with SuperSignal West Pico
Chemiluminescent reagents (Pierce) on X-ray films.
Real time quantitative PCR
To detect mouse Insr gene in blood cells, blood was collected from tail vein,
and total genomic DNA of cells was extracted. Mouse Insr alleles were quan-
tified by real time quantitative PCR with MX4000 multiplex quantitative PCR
system (Stratagene). 10 ng of genomic DNA was used in each PCR reaction
with mouse specific Insr primers (sequences are available upon request) and
SYBR Green PCR core reagents (Applied Biosystems). The expression of
SRA, ABCA1, and b-actin transcripts in untreated, AcLDL+58035, or thapsi-
gargin-treated macrophages were measured using SYBR Green PCR core
reagents (Applied Biosystems). The sequences of primers used are available
upon request.
Statistical analysis
Results were expressed as average 6 SE (n is noted in the figure legends or
figures), and statistical significance of differences was evaluated with Stu-
dent’s t test.
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